Two different factors control the mutability of an unstable allele (e2-m881058Y) of the C2 gene of maize. Both an autonomous En/Spm element and an unrelated independent factor, named Mediator, are coordinately required for the excision of the insert in e2-m881058 Y. According to genetic analysis, Mediator does not have the suppressor (S) function or mutator (M) function of En/Spm. Mediator has no effect on the timing or frequency of excision of Enl, En-low, or various I/dSpm elements. Hence, Mediator only mediates a specific interaction between En and the insert at c2-m881058 Y. Molecular analysis of c2-m881058 Y has revealed a 3.3 kb, complex, En-related receptor element inserted into the second exon of the C2 gene. The ends of this element are homologous to the ends of En/Spm, but an internal 1.7 kb region shows no En/Spm homology. A great degree (11-14%) of nucleotide changes, relative to Enl, occur within and between the 12 bp TNPA binding motifs. Alterations of these critical cisdeterminants may account for the need for a "helper" factor for excision. This element is named Irma, for Inhibitor that requires Mediator also, and represents a unique, low copy number class of receptor element.
Introduction
Normally, the mutability of unstable alleles is controlled in one of two ways. If the locus contains an active autonomous or regulatory element, the allele is under autonomous control (one-component system). If the locus contains a defective or receptor element, the allele is under non-autonomous control (two-component system). In maize, eight classically defined, two-component systems exist (for reviews see Peterson 1987; Fedoroff 1989 ).
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Within each system, the molecular relationship between the autonomous and defective element has been elucidated. Autonomous elements have characteristic terminal inverted repeats (TIRs), subterminal repetitive DNA binding motifs, and "transposase" encoding gene(s). The defective elements retain the critical cis-determinants, including the characteristic TIRs and subterminal motifs, but have deletions and/or other rearrangements within the coding region(s). These mutations render the defective elements "transposase minus", but with unaltered cis-determinants, the elements are still reactive to specific signals in trans (Frey et al. 1990 ; Kunze and Starlinger 1989) .
Of the eight classically defined maize transposable element systems, the En/Spm system is perhaps one of the best understood molecularly and genetically (Frey et al. 1990 ). The En/Spm autonomous element is a member of the CACTA family of transposons having short TIRs and a subterminally repeated 12 bp sequence motif, which is the substrate for one of the two proteins (TNPA and TNPD) encoded by the element. These 12 bp motifs are repeated several times in a specific distribution and orientation at each end of the element . If the 13 bp TIRs are aligned in parallel, the 12 bp motifs are distributed such that motifs at one end fit into gaps containing no motif at the other end. The TNPA protein can bind to these motifs and is postulated to act as a "molecular glue", bringing the ends of the element together in a zipper-like fashion (Frey et al. 1990 ). Also, upon interaction with the TNPD protein (the proposed endonuclease) at the TIRs, this protein-DNA complex permits the En/Spm element to be excised.
Classical genetic studies suggest that En/Spm possesses two functions: suppressor and mutator. Some En/ Spm-responsive alleles (al-ml, e2-m2) express residual gene activity (pale aleurone colour) in the absence of En/Spm (McClintock 1953 (McClintock , 1967 . Suppression of this pale colour when En/Spm is present is described as the suppressor (S) function. TNPA protein binding to the 12 bp motifs is responsible for the suppressor effect of En/Spm ). Excision of the element from the mutable allele restores wild-type gene activity in clonal somatic sectors and results in a spotted phenotype. This is described as the mutator (M) function and is attributable to the interaction of TNPA and TNPD at the element ends to promote excision.
There are mutants that are weak En/Spm elements (En2, Spm-w), which express and trigger low mutability at responsive alleles (McClintock 1957 (McClintock , 1961 Dash 1991) . These elements are defined as having only altered mutator activity, because their suppressing activity is unaffected. Molecular analysis of these weak elements has revealed deletions in the TNPD coding region (Masson et al. 1987; Gierl et al. 1988a ). Other elements interact with En/Spm and defective En/Spm elements to modify the timing and frequency of mutability. The alm(r)II02 allele, an En/Spm-responsive allele itself, produces a protein that can reduce the mutability of En/Spm and various reporter alleles (Cuypers et al. 1988) . Another element, the Modifier element, described by McClintock (1958) , which possesses no suppressor or mutator activity itself, can boost the mutability of several reporter alleles responding to Spm-w to a greater mutability pattern. All defective En/Spm elements (I/dSpm) have, until recently, been found to represent variously deleted forms of the autonomous element (SchwarzSommer et al. 1985; Tacke et al. 1986; Masson et al. 1987; Menssen et al. 1990) .
Some defective elements possess DNA sequences that could not have originated from deletion of regions of the autonomous elements. For example, Dsl and Ds2 elements have Ac ends and non-Ac internal sequences (Sutton et al. 1984; Merckelbach et al. 1986 ). Sullivan et al. (1991) have reported a dSpm element with a non-Spm internal region residing in the btl-m allele. This paper reports on an identical element residing in the C2 gene (chalcone synthase), which is part of a three-component transposable element system. Mutability of c2-m881058Y is co-ordinately controlled by two independent factors: an En/Spm element and a previously undescribed factor named Mediator. This report will describe the classical genetic analysis of this threecomponent system and the molecular structure of the insert at c2-m881058 Y and will discuss the possible interactions between all three components.
Source of c2-m881058 Y. From a population undergoing chromosome breakage on the long arm of chromosome 4 (C2-b857246; Peterson 1986), a single exceptional spotted kernel (c2-m881058 Y) arose on an ear segregating for coloured and colourless kernels (Muszynski and Peterson 1990) . The original 4L breaker population was segregating for many active autonomous elements, including En/Spm, Ac, Cy and Dt.
Genetic testers. To test whether the factor(s) controlling mutability of c2-m881058 Y was related to the En/Spm system, crosses were made to a c2/e2 wx-m8/wx-m8 tester. The wx-m8 allele has a 2.2 kb Spm-I8 insert that responds specifically to En/Spm (Schwarz-Sommer et al. 1984) . In the presence of En/Spm, the endosperm of kernels carrying the wx-m8 reporter allele will show wx to Wx mutability (wx-m) when stained with KI. In the absence of En/Spm, the wx-m8 reporter allele is stable and the endosperm will stain uniformly wx. A c2/c2 wx-844::En/wx tester also was used to investigate the relation of the factor(s) controlling c2-m mutability to the En/Spm system. The wx-844 allele carries the 8.3 kb standard Enl element (Pereira et al. 1986 ). Kernels with the genotype c2/c2 wx-844." :En/wx are colourless and wx mutable. Crosses also were made to an al-ml (state 5719A-1) tester. This allele contains a 789 bp I element insert (Schwarz-Sommer et al. 1985) . In the absence of En/Spm, the aleurone is dark pale and, in the presence of En/Spm, the aleurone is colourless, with small dark spots.
Genomic clonin 9 and subcIoning. DNA from maize plants homozygous for c2-m881058 Y was isolated from young leaves by a mini-prep procedure (Dellaporta et al. 1984) . BamHI fragments from 12-17 kb (fragment of interest 14 kb) were cloned into the lambda vector EMBL4, as previously described (Wienand et al. 1982) . Phages were plated on the Escherichia coli host strain K803 (Fedoroff 1983) . The library was screened with a 700 bp oligolabelled, C2-specific HinfI fragment (Wienand et al. 1986 ). Gel-purified DNA fragments were subcloned into pUC9 and used to transform E. coIi strain MC1061.
DNA sequencing. Dideoxy sequencing was performed on the subcloned DNA fragments extracted from overnight cultures of several positive clones (Birnboim and Doly 1979) by using the T7 sequencing kit (Pharmacia, LKB Biotechnology). Primers were synthesized on an Applied Biosystems synthesizer (model 380). Sequence analysis was performed by using the University of Wisconsin Genetics Computer Group (GCG) software package.
Polymerase chain reaction (PCR) analysis. Oligonucleotide primers were selected that flank the insertion site of Irma and generate a 340 bp fragment carrying subterminal RsaI sites. The left C2-specific oligonucleotide was 5'-TAATTGGGCCGGTTTGATTTTGACG-3' and the right oligonucleotide was 5'-TGCTGGTACAT-CATGAGGCGGTTCA-3' (positions 4518-4542 and 4858-4834, respectively, on the C2 map). Footprint amplification Was done in 100 ~tl total volume, using Pfu DNA polymerase (Stratagene) according to the recommendations of the manufacturers. Mini-prep genomic DNA (350 rig) isolated from a homozygous c2m + En + Med plant was subjected to 30 cycles (1 rain, 94 ° C; 1 rain, 55°C; 2rain, 75°C) and one final incubation (7 rain, 75 ° C). PCR products were digested with RsaI, subcloned into pUC9 (HincII), and used to transform strain MC1016. DNA was extracted from 1.5 ml overnight cultures of several positive clones (Birnboim and Doly 1979) and sequenced directly with the Pharmacia kit.
Results

Genetic characterization
Genetic analysis has shown that the mutability of c2-m881058Y (hereafter referred to as c2-m) was heritable and non-autonomously controlled (Muszynski and Peterson 1991) . Kernels that are c2-m/c2 and carry the factor(s) controlling mutability have a spotted (sp) aleurone. Kernels that are c2-m/c2 and do not carry the controlling factor(s) have a stable colourless (cl) aleurone. To investigate the relationship of the factor(s) governing the mutability of c2-m881058 Y to the En/Spm system, the c2-m mutant was crossed to a fully coloured wx line. The F1 (c2-m/C2 Wx/wx) was then crossed to a c2 wx-m8 tester, which reports the presence of En/Spm elements. In the absence of an active En/Spm element, the wx-m8 allele conditions a stable wx endosperm, whilst in the presence of an active En/Spm element, the wx-m8 allele is unstable and conditions a wx mutable endosperm. Only 25% of the progeny kernels can be assayed for both c2-m (aleurone) and wx-m8 (endosperm) mutability. In that class of kernels (c2-m/c2 wx-m8/wx), spotted, colourless, waxy mutable and waxy stable phenotypes were segregating.
There are two alternative hypotheses to be considered relating to the mutability of c2-m881058Y.
(A) In this instance, En is the sole controlling factor of c2-m881058Y mutability. The spotted phenotype is evidence for the presence of the factor controlling c2-m mutability. The waxy mutable phenotype is evidence for the presence of En. If one En is segregating, half of the c2-m/c2 wx-mS/wx kernels will carry En and will be spotted waxy mutable, the other half will not carry En and will be colourless waxy stable. There will be a strict correlation between spotting and waxy mutability.
(B) In this instance, an independent autonomous element (Factor), unrelated to En, is controlling c2-m mutability. If one Factor is segregating and controls mutability at c2-m and an unlinked En element also is segregating, four types of c2-m/c2 wx-m8/wx kernels are expected: 25 % spotted waxy mutable, 25 % spotted waxy stable, 25 % colourless waxy mutable, and 25 % colourless waxy stable. There will be no correlation between spotting and waxy mutability. These expected results and the observed results are summarized in Table 1 .
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From the results of the cross given in Table 1 , it is clear that neither Hypothesis A (En controls mutability) nor Hypothesis B (independent Factor controls mutability) explain the observed results. All c2-m/c2 wx-m8/wx kernels that are spotted also are wx mutable, none are wx stable. Therefore En is required to trigger c2-m mutability. However, not all of the colourless kernels are wx stable; some are wx mutable. This indicates that the presence of En alone is insufficient to trigger mutability at c2-m. Half of the e2-m/c2 wx-mS/wx kernels are wx mutable; they have En. Of the wx mutable kernels, 50 % are colourless and 50 % are spotted. A Factor, other than En, is segregating and also is implicated in controlling c2-m mutability. Half of the c2-m/c2 wx-m8/wx kernels do not have En; they are wx stable and they are all colourless. There is no class of kernels which is both spotted and wx stable. This indicates that the independent Factor alone is unable to trigger c2-m mutability. Both En and this Factor co-0rdinately control the mutability of the receptor element residing at c2-m881O58Y. This Factor is named Mediator, because it mediates an interaction between En/Spm and the insert at c2-m881058 I1.
Both En and Mediator acting together are necessary to trigger mutability of c2-m881058Y
To confirm the requirement for Mediator (Med) in c2-m mutability, colourless wx kernels (c2-m/c2 wx-m8/ wx+ Med) were selected from crosses similar to those given in Table 1 . These kernels do not carry an active En, which is revealed by their wx stable phenotype. They are also expected to be segregating for Mediator. Plants from these kernels were crossed to plants from colourless wx mutable sib kernels (c2-m/c2 wx-m8/wx+En) and to a c2/e2 wx-844." :En/wx tester. The colourless wx mutable sib kernels carry an active En (they are wx mutable) but they do not carry Med (they are colourless). The c2 wx-844 tester carries the standard Enl.
Of the 19 plants grown from colourless wx kernels and tested in the sib cross, 12 produced ears segregating for spotted kernels. These 12 plants were segregating for one or more genetically active Mediators ( (data not shown).
The cross to al-ml produced ears segregating for several En and Med elements. The dosage of En or Med had no obvious effect on the frequency or timing of c2-m mutability. However the type of En present had a discernible effect on the pattern of c2-m mutability. From the cross to c2 wx-m8, two spotted wx mutable phenotypes were apparent: spotted high wx mutable high, and spotted low, wx mutable low. An En-low, similar to En2 or Spm-w, was capable of triggering c2-m spots, albeit at a lesser frequency and later time. This En-Iow was also reported by the cross to al-ml as low spotted kernels. An En-low, which most probably has a defect in TNPD, is reported equally well by the insert at c2-m881058 Y and by the standard Spm-I8 element at wx-m8 and the Spm-I5719A-1 element at al-ml. defective element (Fig. 1) . The ends of the element, from positions 1-248 and 1939-3326, are homologous to the left and right ends of Enl, respectively. An internal region (positions shows no Enl homology. This element is essentially the same as the insert from the btl-m allele reported by Sullivan et al. (1991) . Many nucleotide changes are present in and between the subterminal 12 bp binding motifs within the Enl homologous ends. Also, the most internal nucleotide of Table 3 . Sequence alterations left after somatic excision of Irma from c2-m881058Y
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The Irma element is represented by a dashed line, the host sequence duplication is underlined, and significant changes are highlighted the right TIR is changed such that this element has 13 bp imperfect TIRs. The proportions of base-pair differences in the left terminal 250 nucleotides and the right terminal 300 nucleotides are 14.5 and 11.3 %, respectively (Fig. 2) , but the remaining 1.1 kb of the right Enl homologous end shows only a 4.5% difference. More than twice the number of nucleotide changes have accumulated at the location of the 12 bp binding motifs. The presence and position of these changes may explain why Mediator is required for excision in addition to En. Because this receptor does respond to En but is fundamentally different in structure and function to previously described I elements, this receptor is named Irma, for Inhibitor that requires Mediator also.
Excision of Irma from c2-m881058Y
The type of DNA footprints created by the somatic excision of Irma was assayed by PCR analysis. Upon complete excision of Irma, characteristic sequence alterations are left at the insertion site (Table 3) . Even though Irma requires both En and Med to be excised, typical En/Spm terminal sequence duplications and footprints are associated with insertion and excision of Irma.
Distribution of the non-En Irma sequence
The Irma element is a deletion derivative of En, carrying, in addition, non-En internal sequences that account for one-half of its total length. The break points of the deleted internal En sequences are coincident with the borders of the non-En region. This could indicate that in a simultaneous event internal En sequences were lost and unrelated sequences were trapped at the site of this deletion. The non-En Irma sequence has no TIRs, long direct repeats, polyA stretch, or long open reading frame. It, therefore, does not resemble a transposon or retrotransposon insert. There is no significant sequence homology to sequences in the GenEMBL databank.
In an effort to characterize further the Irma sequence, a plasmid carrying the entire Irma element was digested with AluI, which liberates a 1306 bp non-En Irma-specific fragment. This was used as a probe on a genomic Southern blot of c2-m881058Y related and unrelated maize lines. The results (Fig. 3A) show that this sequence is present in a moderate copy number in the maize genome. Many of the bands differ between lines and may represent other copies of Irma or Irma-like elements. Other bands (1.6 kb, 2.0 kb, and 9.0 kb) are present in all lines examined and may represent a gene locus from which this non-En sequence was initially derived.
In an effort to map the position(s) of this putative locus, the 1.3 kb non-En Irma probe was hybridized to Southern blots of recombinant inbred lines (Burr et al. 1988) . Two different restriction fragment length polymorphism (RFLP) patterns were distinguishable. One locus mapped to chromosome 7S :20 and the other to chromosome 2 (B. Burr, personal communication). The mapping to chromosome 2 is not exact, because mapping to this chromosome is difficult. Given the duplicate na- Figure  3B shows one major band of 3.2 kb and a minor band of about 3.4 kb in all genotypes examined. The majority of the Irma elements in these lines are of the type found in c2-m881058 Y and btl-m. There also may be a slightly larger version (~ 3.4 kb) of Irma in these lines, but occurring at a much lower frequency. The fainter bands probably represent the homologous loci mapped using the recombinant inbreds.
Discussion
The genetic data demonstrate several relevant points. These points lead to a prediction of how the insert in c2-m is different from other I elements and to a model of how Med interacts with this insert and En. The critical cis-determinants required for excision of I elements are the 13 bp perfect TIRs and the proper orientation, distribution, and reiteration of several subterminal 12bp TNPA binding motifs. Required in trans are the TNPA protein, which acts as a "glue" to bring the ends of the element together, and the TNPD protein, which is hypothesized to be the endonuclease that cuts at the 13 bp TIRs (Frey et al. 1990) .
Because the excision of Irma from c2-m is not triggered by the standard En alone, but requires Med as a helper factor, Irma is predicted to be an I element carrying sequence alterations. These alterations would be expected to occur in either the 13 bp TIRs or the 12 bp TNPA binding motifs. The preceding predictions are based solely on the genetic data. The molecular analysis of the insert at c2-m881058 Y has confirmed part of this prediction. Irma is En-related but different from previously characterized I elements. In addition to the large non-En internal region, there are a number of nucleotide changes within and between the 12 bp TNPA binding motifs and one nucleotide change in the right TIR. This change in the TIR occurs at the innermost position, and it is not known if it is tolerated by TNPD. It is known that nucleotide changes in the outermost position of the TIRs dramatically reduce excision frequency (Schiefelbein et al. 1988) . The effect of the non-En internal region on the interaction with TNPA or TNPD is not known. It is known that foreign DNA (resistance markers) carried in artificial I/dSpm elements does not affect excision and insertion of these constructs in transgenic systems (M. Frey, personal communication) . Thus this non-En internal region probably does not affect the movement of this element. Most probably the many changes in the subterminal regions render this element unreactive to En alone.
The specific nucleotide changes that may be significant in altering the binding of TNPA to this element are not known. Within the motif consensus, it is thought that any nucleotide alterations in positions 3, 10, or 11 would abolish TNPA binding (Gierl et al. 1988b) . It is known from in vitro suppression studies that the orientation of these motifs is important in how strongly TNPA binds ). Tail-to-tail dimers of the motif are most strongly bound by TNPA in vitro, whereas head-tohead dimers and monomers are less strongly bound ). In the termini of Enl ends, the outermost pair of motifs are in the tail-to-tail orientation and, presumably, are the most strongly bound by TNPA. The next left-end pair and the next two right-end pairs are in the head-to-head orientation. The innermost two motifs of each end are monomers (Fig. 2) .
Motifs 1, 2, and 3 from the left end of Irma have changes in the invariant positions of the consensus sequence ( Fig. 2A) . In the right end of Irma, motifs 8 and 10 also have sustained changes in the invariant positions (Fig. 2B) . Taken together, the nucleotide changes at the invariant positions within the active motifs of Irma could significantly reduce or disable the binding of TNPA to these motifs. The overall effect may be that TNPA, alone, no longer acts as an effective glue to hold the ends of Irrna together. Alternately TNPA may bind, but its binding may be displaced. This displacement of TNPA molecules would be similar to displacing the teeth of a zipper, the result being that the zipper would no longer be able to close properly.
Given the number and position of nucleotide changes in the ends of Irma, the role of Mediator predicted from the genetic data is now further substantiated. Mediator provides a helper function for TNPA either by stabilizing a weak binding or by aligning a displaced binding of TNPA to the subterminal binding motifs. Moreover Mediator may even replace TNPA with a TNPA-like product, which is capable of binding the altered subterminal regions, and still interact with TNPD to promote excision. Given the low copy number of Irma and the fact that it occurs mainly as the 3.3 kb element, Irma must be a relatively recent addition to the maize genome. Most transposable elements have high copy numbers and occur in a large variety of sizes in the maize genome. It may be possible to trace the Irma pattern of transposition, because it is essentially "tagged" with unique DNA.
